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Abstract

This paper presents a model of electrode impedance for the case of a fast reversible reaction. The various
contributions of the impedance were analysed with particular emphasis on the charge transfer resistance: this
resistance was shown to be also dependent on mass transfer phenomena. For the case of significant mass transfer
control, the diameter of the high-frequency loop increases with the absolute value of the overpotential. The various
physicochemical parameters involved in the expression for impedance were determined through previous
measurements. The impedance model was validated by experimental measurements carried out with the
hexacyanoferrate (II)–(III) couple on a Pt RDE.

List of symbols

D diffusion coefficient (m2 s�1)
E potential (V)
F faradaic constant=96 487Cmol�1

f F=ðRTÞ(V�1)
i current density (Am�2)
i0 exchange current density (Am�2)
I current (A)
j imaginary number ( j2 ¼ �1)
m average of the relative deviation
n constant phase element (CPE) parameter
N number of frequencies in spectra
Q specific generalised capacitance (X�1 sn cm�2)
r specific resistance (Xm2)
R gas constant (8.314 JK�1 mol�1)
R resistance (X)
Re cell resistance (X)
s Laplace variable (s�1)
t time (s)
T temperature (K)
x distance from the electrode surface (m)
[X] concentration of species X (molm�3)
z specific impedance (Xm�2)
Z impedance (X)
Z0 real part of the impedance (X)
Z00 imaginary part of the impedance (X)

Greek symbols

a charge transfer coefficient
d thickness of the diffusion layer (m)

g electrode overpotential (V)
q density of the solution (kgm�3)
m kinematic viscosity of the solution (m2 s�1)
x signal pulsation (rad s�1)
X angular velocity of the electrode (rad s�1)

Subscripts

c concentration
f faradaic
L limiting
Ox oxidant
Red reductant
ct charge transfer
1 in the bulk
0 at the electrode surface

Exponent

^ model

1. Introduction

The kinetics of electrochemical processes occurring at an
electrode surface are often described by the Butler–
Volmer equation, or by derived laws accounting for
diffusion of species or successive electron transfer. The
deduced expression for the current density is then used
to establish the expression for electrode impedance. This
expression takes into account the time variations of
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several variables, namely the electrode potential, the
surface charge and the species concentrations. It is often
considered that the high-frequency part of impedance
spectra allows estimation of the ohmic resistance of the
cell, and the charge transfer resistance. Pulsation of
concentration profiles near the electrode surface is also
visible at low frequencies only, and corresponds to the
Warburg impedance for finite or infinite diffusion.
The potential and concentration dependence of the

charge transfer resistance was treated in the pioneering,
extensive work of Sluyters-Rehbach [1], and the
approach is also detailed in [2]. However, in most
published work, the diffusion of species to and from the
electrode surface is neglected in the high frequency part
of the spectrum: this assumption is only valid for current
densities far below the limiting current density. In
contrast, most investigations of Warburg impedances do
not take into account the charge transfer overpotential,
and the expressions given are often established at the
equilibrium potential [3–6].
Although the problem has been treated previously, the

present work was aimed at establishing the general
expression for the impedance of a simple electrochemical
system. The various contributions of the impedance
were analysed, with particular attention to the resistance
related to the high frequency loop. Investigations were
made for the reversible potassium hexacyanoferrate (II)
and (III) couple at the surface of a platinum RDE. The
concentration profiles were assumed to be due to
diffusion only, and the charge transfer rate was
expressed by the Butler–Volmer relationship. The var-
ious physicochemical parameters involved in the model
were found by experiment. The predicted spectra were
validated by impedance measurements.

2. Current–potential relationship

2.1. Experimental details

The reaction considered was the reversible reduction of
potassium hexacyanoferrate (III) in alkaline solution on
platinum. The electrolyte solution was 10molm�3

K3Fe(CN)6, 100molm�3 K4Fe(CN)6, 500molm�3

NaOH medium. All reagents were of analytical grade
(Normapur, Prolabo, France). All measurements were
carried out at 24 �C within 0.5 �C. The solution viscosity
was interpolated from published data at
0.92� 10�6 m2 s�1. Diffusion coefficients of the two ions
were estimated from tabulated data [7, 8], and using the
Nernst–Einstein relation (Dl=T ¼ constant) for temper-
ature correction. Values of 8.35 and 6.87� 10�10 m2 s�1

were obtained for Fe(II) and Fe(III), respectively.
The electrode was a platinum disc with a radius of

1.0mm, embedded in a PTFE shaft of 11mm diameter.
The platinum surface was carefully polished using
diamond pastes with decreasing mesh sizes. The surface
was cleaned with conductivity water, then ethyl alcohol,
and water again. The surface was activated by oxygen

evolution at 1mA for 1min, then hydrogen evolution at
2mA for 10min. Electrochemical measurements were
carried out in a standard three-electrode cell. A platinum
basket acted as counter electrode and the reference
electrode was a Pt wire (6.0332.000 Metrohm). An
Autolab PGSTAT 20 controlled by GPES 4.4 software
was used for steady-state measurements. Voltammo-
grams were recorded in the range from 0 to �150mV at
2.5mV s�1. Numerous replicates were made to control
the repeatability of the measurements. After each scan,
the electrode surface was cleaned using a fine paper cloth
wetted with conductivity water. In addition, tests carried
out at 1mV s�1 did not result in significant changes in i=E
variations, and the curves recorded at the usual rate were
assumed to be representative of steady-state conditions.
The rotation rate was varied as follows: the reference

rotation rate was 300 rpm and three other rates were
also used: 670, 1220 and 1850 rpm, allowing the limiting
current to be 1.5, 2.0 and 2.5 as large as the reference
limiting current, after the Levich relationship. Experi-
mental curves are shown in Figure 1.

2.2. Steady-state i=E law

The electrochemical reaction is written as

Oxþ e�  ! Red ð1Þ

where Ox is Fe(III) species, and Red is for Fe(II). The
current–voltage relationship was established considering
the rates of both the reduction (forward reaction), and
the oxidation (reverse process), and introducing the
exchange current density, i0, defined on the basis of the
bulk concentrations. Taking into account the existence
of the concentration profiles near the electrode surface,
the faradaic current density is written as

ifðtÞ ¼ i0
½Red�0;t
½Red1

exp
aF
RT

gðtÞ
� ��

�
½Ox�0;t
½Ox�1

exp �ð1� aÞF
RT

gðtÞ
� ��

ð2Þ

Fig. 1. Voltammetric curves of the reduction of hexacyanoferrate (III)

at 5molm�3 on a 1mm Pt RDE. Scanning rate 2.5mV s�1. Rotation

rates 300, 670, 1220 and 1850 rpm. Both experimental and fitted (i=E)

are in solid lines. Symbols are for the current recorded during

impedance measurements with 5% error bars.
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where a is the charge transfer coefficient and g the
overpotential. Subscripts 0 and 1 are for the electrode
surface and the bulk conditions, respectively. It can be
observed that Relation 2 is valid for both steady state
and non-steady condition.
At steady state, according to the Nernst film model, the

concentration profiles are assumed to be linear. The
concentration ratios appearing in Relation 2 can be
expressed against the faradaic current density, with the
limiting current densities of the two species, iL;Red and iL;Ox:

½Red�0
½Red�1

¼ 1� if
iL;Red

ð3aÞ

½Ox�0
½Ox�1

¼ 1þ if
iL;Ox

ð3bÞ

For the present case of a RDE, the limiting current
densities were given by the Levich relationship written
for large Sc numbers:

iL;Red ¼ 0:621 FD2=3
Redm

�1=6X1=2½Red�1 ð4aÞ

iL;Ox ¼ 0:621 FD2=3
Ox m

�1=6X1=2½Ox�1 ð4bÞ

where DRed and DOx are the diffusion coefficients of the
two species considered and X is the angular velocity in
rad s�1.
The faradaic current density at steady state is then

expressed in the form of a generalized Butler–Volmer
law. Moreover, the charge transfer coefficient is close to
0.5, as reported in various investigations, [eg., 9, 10].
Fixing a at 0.5 simplifies the expression. Thus,

if ¼
2i0 sinhð0:5 f gÞ

1þ i0
expð0:5 f gÞ

iL;Red
þ expð�0:5 f gÞ

iL;Ox

h i ð5Þ

2.3. Fitting of voltammetric curves

The experimental curves were corrected for ohmic drop
and fitted to Equation 5 taking into account the
equilibrium potential. For this purpose, the cell resis-
tance, Re, was measured by impedance spectroscopy at
21.2X within 1X. The faradaic current density was
calculated from the current recorded, assuming that the
active area was equal to the geometric area. The
exchange current density was obtained by minimization
of the sum of the squared deviations between theoretical
and experimental current densities, and the operation
was conducted for the simultaneous fitting of the four
i=E curves, i.e. with the four rotation rates considered:

i0 ¼ 826Am�2 ð6Þ

Taking into account the bulk concentration of Fe(III)
and neglecting the equilibrium potential involved in the

expression for the exchange current density, this value
corresponds to rate constants of the order of 0.05–0.1
cm s �1, in agreement with the broad range 0.02–
0.5 cm s�1 published [10]. The experimental data were
perfectly fitted by Relation 5, with hardly visible
difference between the two series of data, confirming
that a can be taken at 0.5.
The determination of i0 is nevertheless of moderate

accuracy. Estimation of a confidence interval for i0 could
not been carried out because Relation 5 is far from
linear. The effect of the exchange current density on ði=EÞ
variations was assessed by considering three levels for i0:
i0 ¼ 826Am�2, i0;max ¼ 3 i0, and i0;min ¼ i0=3. Results
are shown in Figure 2 for 300 and 1850 rpm. Increasing i0
by a factor of 3 is of little effect on the current profiles; in
contrast, simulations with i0;min (275Am�2) resulted in
noticeable differences, in particular for the highest
rotation rates. The influence of the rotation rate was
expected since the reaction is more controlled by charge
transfer rate at high rotation speeds.

3. Impedance spectroscopy

3.1. Experimental details

Impedance spectra were recorded after voltammetric
measurements, with the aid of FRA 2.9 software for
electrical control in sine mode and data acquisition. The

Fig. 2. Effect of the value for the exchange current density on the

model predictions (Relation 5). Rotation rate 300 rpm (top) and

1850 rpm (bottom).
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electrode impedance was measured in potensiostatic
mode, with a specific procedure developed for fast
electrode kinetics, as follows. The steady potential to be
applied was determined as corresponding to a specified
current, using a trial-and-error procedure. The ratio of
the current to the limiting current for species Ox,
ðI=IL;OxÞ was varied from 10% to 90%. The potential
fluctuation fixed at 5% of the steady potential, was in
the range 0.5–3mV. The frequency was varied from
10 kHz to 10mHz at 300 rpm, and to 100mHz at higher
rotation rates. Ten frequencies per decade were used.
The electrode surface was cleaned after each spectrum,
as explained in Section 2.1.
The steady value of the current was averaged over the

acquisition time and the ðI=EÞ couples obtained for
impedance measurement were compared to the voltam-
metric curves. Figure 1 shows acceptable agreement
between the two sources of data within 5% for most
cases, as indicated by the error bars. Nevertheless,
appreciable discrepancy was observed for the two
highest rotation rates, at high fractions of the limiting
current. Analysis of the raw data obtained for the above
conditions revealed variations of the steady potential up
to 10% during the acquisition. This may be due to
partial blockage of the platinum surface by adsorption
of hexacyanoferrate ions or their decomposition prod-
ucts, or to non-uniform distributions of current and
potential at the electrode [11].
The spectra recorded exhibited expected Nyquist

profiles (Figure 3), with a fraction of a high-frequency
loop, followed by a 45� straight line observed from 500
to 25 Hz, bending into half-a circle at lower frequencies,
corresponding to finite diffusion near the electrode
surface.

3.2. Expression of the electrode impedance

For the present case, the faradaic current density
depends on three variables: E and the interfacial
concentrations of Ox and Red. First order expansion
of the faradaic current density with respect to the three
variables yielded the expression for its deviation around
the steady operating point:

Dif ¼
@if
@E

� �
½Red�0;½Ox�0

DE þ @if
@½Red�0;t

 !
E;½Ox�0

D½Red�0;t

þ @if
@½Ox�0;t

 !
E;½Red�0

D½Ox�0;t ð7Þ

Relation 7 was written in Laplace domain, with barred
variables. The partial derivatives are related to steady
state. For clarity, subscripts in the partial derivatives are
omitted below. The specific faradaic impedance was
defined as the ratio of the potential variation to that of
the current density:

zf ¼
DE
D�if
¼ @E

@if

� �
� @if

@½Red�0

� �
@E
@if

� �
D½Red�0;s

D�if

� @if
@½Ox�0

� �
@E
@if

� �
D½Ox�0;s

D�if

ð8Þ

The specific charge transfer resistance, rct, is the first
contribution in the faradaic impedance:

rct ¼
@E
@if

� �
¼ @g

@if

� �
ð9Þ

This specific resistance was derived by differentiating
Relation 2 with respect to eta:

rct ¼
1

afi0
� 1

½Red�0
½Red�1

expðaf gÞ þ ½Ox�0
½Ox�1

expð�ð1� aÞf gÞ
h i

ð10Þ

where the concentration ratios are given by Equations
3(a) and 3(b). Relation 10 clearly shows that the ‘charge
transfer resistance’ is also related to mass transfer
phenomena, and ‘high frequency resistance’ might be
preferred for more rigorous expression.
The concentration resistances are the two last contri-

butions in the faradaic impedance and are the products
of three terms. Calculation of the derivatives of the
current density with respect to the interfacial concen-
trations is straightforward. The ratios of the concentra-
tion deviations to the current density deviations were
also calculated from differential mass balances in the
liquid [3, 4]. The rigorous treatment of convective flow
in the vicinity of the rotating disc electrode in addition
to diffusion, has been carried out, and analytic expres-
sions for ðDC0=D�ifÞ have been obtained [12–14]. How-
ever, implementation of the complex expression of
ðDC0=D�ifÞ in the overall impedance expression was
beyond the aim of this work, and the convection term
was neglected here. Therefore, for the case of species
Red, the mass balance was reduced to

@½Red�x;t
@t

¼ DRed

@2½Red�x;t
@x2

ð11Þ
Fig. 3. Experimental (symbols) and theoretical impedance spectra

(solid lines) recorded from 10kHz to 10mHz for various (I=IL;Ox)

ratios. Rotation rate 300 rpm.
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subject to the following boundary conditions:

½Red�x;t¼0 ¼ ½Red�1
½Red�d;t ¼ ½Red�1

Dred

@½Red�x;t
@x

� �
x¼0
¼ if

F

ð12Þ

Equations 11 and 12 were written in the Laplace
domain, and integration of Equation 11 was carried
out. Algebraic rearrangement yielded the expressions for
the concentration impedance, and the specific faradaic
impedance was expressed as follows:

zf ¼ rct 1þ i0
½Red�1

expðaf gÞ
tanh s1=2dRed

DRed

� �
FD1=2

Reds
1=2

0
@

þ i0
½Ox�1

expð�ð1� aÞf gÞ
tanh s1=2dOx

DOx

� �
FD1=2

Ox s
1=2

1
A

ð13Þ

where dRed and dOx are the thickness of the diffusion
layer for the two species, given by the Levich relation-
ship. For impedance spectroscopy, s is replaced by jx,
where j2 ¼ �1, and x is the pulsation of the sine signal.
At high frequencies, the two right-hand terms in the
expression for zf are insignificant, and zf reduces to rct.
Conversely, these contributions become predominant at
low frequencies.
The total current through an electrode surface is the

sum of the faradaic and capacitive contributions. The
Randles circuit describing the electrode surface was
the classical parallel combination of faradaic and
capacitive impedances, in series with the ohmic resis-
tance of the cell. Capacitive phenomena were described
in the model by a CPE, with parameters Q and n:

zCPE ¼
1

ðjxÞnQ ð14Þ

and the overall electrode impedance ẑ is

ẑ ¼ re þ
zCPEzf

zCPE þ zf
ð15Þ

3.3. Fitting of experimental data

The parameters involved in the expression for zf were
determined by voltammetric measurements. The global
impedance depends on the generalised capacitance Q
and parameter n. The two of them were determined by
fitting of the experimental impedance, Z, to the model
predictions: theoretical impedance Ẑ was deduced from ẑ
taking into account the geometrical area of the disc
electrode. For the same couple (redox system–electrode
material) n varies from 0.8 to 1 according to [15] and the
generalized capacitance was reported to be near
20 lX�1 sncm�2 [11]. Fitting was conducted by minimi-
sation of the relative deviations of the real and imag-

inary components, Z 0 and Z 00, respectively. At fixed
steady current and rotation rate, the two relative
deviations were averaged over the number of frequen-
cies, that is, N ¼ 60 at 300 rpm, and N ¼ 50. Otherwise,

m0 ¼ 1

N

X
i

jZ 0i � Ẑ 0i j
Ẑ 0i

m00 ¼ 1

N

X
i

jZ 00i � Ẑ 00i j
Ẑ 00i

ð16Þ

Calculations were made for all conditions investigated:
m0 and m00 were averaged over the currents and the
rotation rates considered. For n higher than 0.85 the
variations of the averages of m0 and m00 with Q exhibited
well-defined minima. Minimum values of the averaged
values of m0 and m00 were obtained with n ¼ 1, and this
value was thereafter selected. The average deviation of
the real components was the lowest for Q ¼ 30 lF cm�2,
whereas 50 lF cm�2 allowed the best fitting of the
imaginary parts. The average value at 40 lFcm�2 was
selected for the fitting, with m0 ¼ m00 ¼ 0:10, and yielded
satisfactory representation of the impedance loop (Fig-
ure 3). The observable deviation observed for
(i=iL;OxÞ ¼ 10, 30 and 50% may be caused by the
approximate expression for ðDC0=D�ifÞ. In addition,
slight deviations in the frequency distribution were
observed, as exemplified in Figure 4. This deviation may
be due to the average value for Q used, which may
slightly differ from the real capacitance in the considered
experiment.

3.4. Discussion

3.4.1. Quality of the fitting at high frequency
Prediction of the high-frequency part of the spectrum
was in some cases inaccurate. One significant error in the
model originates from the uncertainty in the estimated
exchange current density, as discussed above. It can be
supposed that the actual exchange current density may
change from one run to another, in spite of the careful
electrode preparation. The electrode impedance was
calculated for the three values of i0 considered in Section
2.3, and the high frequency impedances obtained are

Fig. 4. Comparison of experimental and predicted impedance spectra.

Rotation rate=1850 rpm and ðI=IL;OxÞ ¼ 80%.
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shown in Figure 5 for if=iL;Ox ¼ 10% and 300 rpm.
Contrary to what was observed in voltammetry, i0 exerts
a strong effect on the first part of the spectrum: for i0;max,
the high-frequency loop is hardly visible below 10 kHz,
whereas it is perfectly defined for the minimum value.
The experimental spectrum could not be perfectly fitted
by using i0 ¼ 826Am�2 as given by voltammetry, and
for the example considered, it appears that the actual
exchange current density was somewhat larger than the
selected value.

3.4.2. High-frequency loop
It is often considered that the high-frequency loop gives
information on the charge transfer kinetics, whereas
diffusion control is indicated by the low-frequency
diagram. This statement is probably true for low values
of i0 in comparison to current densities iL;Ox and iL;Red:
such situation is frequently encountered in metal depo-
sition or electrorganic synthesis. For such cases, the
expression of the specific charge transfer resistance
reduces to

rct ¼
1

ai0f ½expðaf gÞ þ expð�ð1� aÞf gÞ� ð17Þ

For irreversible, slow reactions, the specific resistance rct
is a decreasing function of the absolute overpotential jgj,
and a log plot is often used for estimation of i0 and a. In
the present case, i0 is larger than the two limiting current
densities and, as shown in Figure 6, rct increases with the
absolute overpotential, as indicated by Relation 10. In
the case where i0 and iL;Ox are of comparable order of
magnitude, rct varies little with jgj. As the reaction
becomes diffusion-controlled, rct increases with the
overpotential, approaching the asymptotic function
expð�ð1� aÞf jgjÞ at sufficient polarization.

3.4.3. Low-frequency loop
The overall impedance Zf at nil frequency (i.e., at steady
state) was deduced from the intercept of the impedance
spectra with the real axis. The experimental data are fairly
well predicted by the model (Figure 3). However, simu-
lations conducted with the extreme estimates for i0

yielded very similar impedance values: for these simula-
tions the reduction is mainly diffusion-controlled, and the
concentration impedance prevails over the charge trans-
fer resistance for jgj over a few millivolts. Steady-state Zf
increases with jgj, and at sufficient polarisation, the
overall concentration impedance, Zc, defined as
ðZf�Rct�ReÞ approaches its asymptotic expression, as
shown by the linear–log plot given in Figure 7: for
i0 � iL;Ox, the plot tends to be linear with a slope of
2ð1� aÞf . Experimental data are fairly well represented
by the model for Zc, in spite of noticeable deviations at
low overpotentials. Further simulations were made with
lower i0 values. The profile of the concentration imped-
ance at steady state becomes more sensitive to the
exchange current density for i0 below 100Am�2 (Fig-
ure 7). In case that i0 � iL;Ox, Zc at nil frequency increases
with jgj in a narrow overpotential range and attains a
plateau as soon as the reaction becomes irreversible.

4. Conclusions

The general expression for the electrode impedance was
established and could be successfully validated by
experiments with a test system. For the case of very
fast electrode reactions, the high-frequency loop gives
indications of both charge and mass transfer rates. The
charge transfer resistance defined as the diameter of this
loop, is an increasing function of the absolute overpo-
tential jgj for significant diffusion control and fast
charge transfer through the electrode. In addition, the
overall impedance also increases with jgj.
The model developed for the case of a RDE could be

refined considering more accurate description of mass
transfer phenomena, in particular by taking into
account convection of the fluid near the electrode
surface.

Fig. 5. High frequency part of impedance spectra: comparison of the

experimental data to the predicted spectra with various values for i0.

Rotation rate 300 rpm and ðI=IL;OxÞ ¼ 10%.

Fig. 6. Calculated variations of the charge transfer resistance with the

overpotential, depending on the exchange current density. Rotation

rate 300 rpm.
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